Water uptake characteristics of poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV-) based composite tissue engineering (TE) scaffolds incorporating nanosized hydroxyapatite (nHA) have been investigated. The water absorption of these composite scaffolds obeyed the classical diffusion theory for the initial period of time. The diffusion coefficients of the composite scaffolds during the water absorption were much faster than those for the nonporous thin films, suggesting that the water uptake process depends on the presence of porosity and porous microstructure of the composite scaffolds. The incorporation of nHA increased the water uptake of both the composite scaffolds and thin films. It was also observed that the equilibrium uptake increased with the incorporation of nHA. This increase in the water uptake was largely due to the nHA particle aggregates in the microstructure of both composite scaffolds and thin films. The activation energy for diffusion was also determined using the Arrhenius equation for both porous scaffolds and thin films and the results suggested that the activation energy for scaffolds was lower than that for thin films.
Introduction
Through the combination of cell biology, biomaterials, and engineering, tissue engineering (TE) seeks to provide a solution to replace, repair, or regenerate tissues/organs [1, 2] . To overcome the limitations of the autogenous and allogenic bone graft, development of new synthetic scaffolds has received increasing interest. In TE, the biomaterial based scaffolds are the most important aspects [3, 4] . A number of approaches such as phase separation, selective laser sintering, and electrospinning are being used for fabricating scaffolds for bone regeneration. Biodegradable polymers, including poly(caprolactone), poly(l-lactic acid) (PLLA), and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV), have been processed into 3D scaffolds with the development of TE [5] .
Both PLLA and PHBV possess good biocompatibility with tissue and blood and are regarded as good candidates as biodegradable polymer matrix of composite scaffolds [6] . Blending of PHBV with PLLA can shorten the degradation time and rate of PHBV which has much longer degradation time [7, 8] . Several biodegradable polymer-hydroxyapatite (HA) composites have been developed as bone substitute material or bone TE scaffolds [9] [10] [11] . As HA is a natural component of bones and possesses the osteoconductive properties, polymer-HA composite scaffold is a promising system for bone tissue regeneration as it can mimic the composition and structure with the mineral phase of the bone.
By guiding new tissue growth in vivo and in vitro, scaffolds play an important role in TE. The scaffolds possess 3D macroporous and interconnected network with 2 Journal of Nanomaterials the macropore diameter of a few hundreds of micrometers to allow cell invasion. The water uptake properties of composite scaffolds for tissue TE are of importance as the primary mechanism of the polymer degradation inside body is hydrolysis. The ingress of water into polymer-based scaffolds can have both adverse and beneficial effects on the properties of the scaffolds. Hydrolysis and microcrack can be formed due to water exposure. On the other hand, breakdown of three-dimensional scaffolds can occur due to excessive water uptake. Several studies have been performed for dental application to study the characteristics of polymeric systems and composites [12, 13] . However, the water uptake and diffusion characteristics of TE scaffolds have been rarely assessed and reported.
Previously, we reported the fabrication, characterization, and in vitro biological evaluation of PHBV/PLLAbased scaffolds [14] . The aim of the present study was to determine the water uptake and diffusion characteristics of 100/0 PHBV/PLLA, 50/50 PHBV/PLLA blend, and 10% nHA incorporated 50/50 PHBV/PLLA composite scaffolds. For comparison, solvent-cast thin films were also used in the study. The effect of incorporation of HA, porosity, and microstructures of the composite scaffolds on the diffusion coefficient, equilibrium uptake, and temperature dependence was also investigated.
Experimental

Materials and General
Methods. PHBV with 6% of 3hydroxyvalerate was purchased from Sigma-Aldrich. In order to blend with PHBV, PLLA with viscosity 1.6 dL g −1 (Medisorb 100L 1A) was purchased from Lakeshore Biomaterials (Birmingham, AL). The nHA nanoparticles were produced in-house which were used for producing composite scaffolds and composite thin films [15] . Figure 1 shows the SEM micrograph of nanosized HA. The freeze-dried HA powders used in this investigation consisted of tiny agglomerates of HA nanocrystallites. The particle size of the HA powders was found to be in the range of 20-30 nm. Chloroform and acetic acid were analytical grade.
Fabrication of Scaffolds and Solvent Cast Films.
Pure 100/0 PHBV/PLLA, 50/50 PHBV/PLLA, and 10% nHA in 50/50 PHBV/PLLA tissue engineering scaffolds with 10% (w/v) polymer concentration were fabricated using the emulsion freezing/freeze-drying technique described elsewhere [16] . Briefly, to produce polymer scaffolds, 1 g polymer or polymer blend was dissolved in 5 mL chloroform and then 5 mL acetic acid was added. The emulsion was then homogenized and kept frozen at −18 ∘ C in a freezer for overnight to induce phase separation. Then the frozen emulsion was freeze-dried using a freeze-drying vessel (Labconco, USA). Similarly, to produce 10% nHA in 50/50 PHBV/PLLA composite scaffolds, 0.1 g nHA was added in the emulsion and homogenized prior to the phase-separation process. Nonporous thin films with the same compositions were fabricated using solvent casting technique. 
Preparation of Polymer and Composite Specimens.
Rectangular shape specimens (20 mm × 5 mm × 0.5 mm) were cut with sharp razor blade from three types of polymer and composite scaffolds, namely, PHBV scaffolds (10% w/v), 50/50 PHBV/PLLA (10% w/v) blend scaffolds, and 10% nHA in PHBV/PLLA (10% w/v) composite scaffolds. Rectangular specimens of (20 mm × 5 mm × 0.5 mm) were also prepared from solvent-cast films of the same compositions. The porous microstructure, morphology, and pore sizes of the scaffolds specimens were studied using a scanning electron microscopy (SEM; Stereoscan 440, UK). In order to determine the presence and distribution of nHA nanoparticles in composite scaffolds, energy dispersive X-ray spectrometry (EDX, INCA 300, UK) was performed. The skeletal density and the porosity of the scaffolds were measured using equations described elsewhere [16] . The wettability of the scaffolds was measured by measuring contact angles using a contact angle measuring machine (SL200B, Shanghai Salon Tech Inc., Ltd., China). With distilled water as liquid, the sessile drop method was employed. The contact angle of the water drop on the scaffold specimen was determined at room temperature using proprietary software. At least three measurements were conducted at different locations of the scaffold specimen. As the mean ± standard deviation, the contact angle was expressed.
Water Absorption.
The specimens were placed in an oven at 37 ∘ C for 48 hours and then weighed to an accuracy of ±0.0001 g on a balance. The specimens were then placed into 100 mL of distilled water at 37 ∘ C. During the first day of immersion, the specimens were removed at intervals of 2, 5, 10, 15 min, and so forth, blotted dry on filter paper to remove excess water, weighed, and returned to the water. Following the first day, the samples were weighed daily, until the uptake slowed. Until there was no significant change in weight, the uptake of water was recorded. When equilibrium was attained, the samples were then transferred to a drying oven at 37 ∘ C. Similarly, the experiment was repeated at 25 ∘ C and at 50 ∘ C.
Diffusion Coefficients.
For the earlier stages of uptake (usually where / ∞ ≤ 0.5), classical diffusion theory predicts [1, 17] the following:
where is the mass uptake at time , ∞ is the mass uptake at equilibrium, 2 is the thickness of the specimen, is the diffusion coefficient, and is the water uptake time. A plot of / ∞ against 1/2 should provide a straight line for earlier stages of water uptake. Diffusion coefficients can be calculated from the slope of the straight line.
The temperature dependence of the diffusion coefficient is given by the Arrhenius equation:
where is the absolute temperature ( ∘ K), is the activation energy for diffusion (J/mol or eV/atom), and is a temperature independent constant (preexponential) (m 2 /s), is the gas constant (8.314 J/mol-K or 8.62 × 10 −5 eV/atom).
Results and Discussion
Several assumptions were used for this study. They were as follows.
(i) Distilled water was in infinite supply.
(ii) Polymer and composite films and scaffolds were surrounded by water.
3.1. Morphological Observation. Figure 2 shows the morphologies of thin films of 100/0 PHBV/PLLA, 50/50 PHBV/PLLA, and 10% nHA incorporated 50/50 PHBV/PLLA. Some micropores were observed in 50/50 PHBV/PLLA thin film due to the immiscibility of PHBV and PLLA. Figure 3 shows the morphologies of 100/0 PHBV/PLLA, 50/50 PHBV/PLLA, and 10% nHA in 50/50 PHBV/PLLA scaffolds. It was observed that highly porous scaffold specimens consisted of many micropores. Pore structure and size depended on the phase separation process used in the fabrication technique. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy showed the distribution of HA nanoparticles in the pore walls of the scaffolds, and some particle agglomeration was also observed ( Figure 4 ). The average pore diameter of the 100/0 PHBV/PLLA scaffold was higher than that of 10% nHA incorporated 50/50 PHBV/PLLA scaffold as incorporation of nHA perturbed the phase separation process slightly ( Table 1) . As the scaffolds were prepared from same polymer emulsion concentration, 10% (w/v), the porosity did not change significantly in the scaffolds. The contact angle was much higher in 100/0 PHBV/PLLA scaffold than 50/50 PHBV/PLLA and 10% nHA in PHBV/PLLA scaffolds as PHBV polymer is well known for its hydrophobic nature. Blending with PLLA and incorporporation of nHA increased the hydrophilicity of the composite scaffolds. 
Diffusion Study of Solvent-Cast
Thin Films. Figure 5 shows the water uptake curve of 100/0 PHBV/PLLA thin film at 37 ∘ C as / ∞ versus the square root of immersion time. The specimens were immersed in distilled water. The maximum uptake at equilibrium was 1.4%. The diffusion coefficients were calculated from the initial linear region of the curves. In order to observe the temperature dependence of the diffusion coefficients of 100/0 PHBV/PLLA thin film, the experiment was performed at three different temperatures, namely, at 25 ∘ C, 37 ∘ C, and 50 ∘ C. Water uptake study was also performed for 50/50 PHBV/PLLA thin film and 10% HA in 50/50 PHBV/PLLA thin film following the same procedure mentioned above. The calculated diffusion coefficients are given in Table 2 . It can be seen that diffusion coefficient is significantly higher at high temperature of 50 ∘ C than that of 25 ∘ C, 37 ∘ C.
In order to study the temperature dependence of diffusion coefficients, Arrhenius plot was constructed for 10% HA in 50/50 PHBV/PLLA thin films as shown in Figure 6 . From the slope of the curve, activation energy can be calculated which is referred to as the energy required to produce the diffusive motion of one mole of atoms. The activation energy calculated from the slope of the best fit linear curve was 76 ± 20 KJ/mole with the regression coefficient, 2 value of 0.94. The activation energy of 100/0 PHBV/PLLA and 50/50 PHBV/PLLA thin film was 99.8 ± 21.9 KJ/mole and 112 ± 45 KJ/mole, respectively. Figure 7 is the plot of water uptake as / ∞ versus square root of immersion time at 37 ∘ C for 100/0 PHBV/PLLA scaffolds. The diffusion coefficients were calculated from the initial linear regions of the curves. In order to study the temperature dependence of diffusion coefficients of the scaffolds, the experiment was performed at three different temperatures, namely, at 25 ∘ C, 37 ∘ C, and 50 ∘ C. Table 3 shows the diffusion coefficients of 100/0 PHBV/ PLLA scaffolds at 25 ∘ C, 37 ∘ C, and 50 ∘ C, which were 51.75 × 10 −12 , 67.60 × 10 −12 , and 165 × 10 −12 m 2 /s, respectively. It was observed that the initial water uptake of HA incorporated composite scaffold was much higher than that of polymer blend scaffolds, and the diffusion coefficients were also higher. The value of diffusion coefficient was lower at low temperature and relatively high at high temperature. Figure 8 shows the Arrhenius plot which represents the temperature dependence of the diffusion coefficients of 10% HA in 50/50 PHBV/PLLA scaffolds. From the slope of the best fit linear line, the activation energy was calculated, which was 100.9 ± 5.3 KJ/mole. The activation energies were found 120.3 ± 45 KJ/mole for 50/50 PHBV/PLLA scaffold and 83.5 ± 53 KJ/mole for 100/0 PHBV/PLLA scaffolds, respectively. Table 4 shows the comparison between the amounts of water uptake (g/g) at equilibrium between the different compositions of thin films and scaffolds. Among the different compositions of thin films and scaffolds, the amount (g/g) of equilibrium water uptake of 10% nHA in 50/50 PHBV/PLLA films and scaffolds was higher than that of 100/0 PHBV/PLLA and 50/50 PHBV/PLLA thin films and scaffolds. This result was opposite to other studies where the uptake of HA/polymer composite films was slower than the pure polymeric film as the polymers were very much hydrophilic and water uptake was high for the polymer itself [12] . In the present study, it was also observed that water uptake increased significantly with the increasing porosity. The scaffolds which were more than 70% porous, absorbed more water at the same condition than that of dense films. Besides, the incorporation of HA increased the water uptake in both composite thin film and composite scaffold.
Diffusion Study of Scaffolds.
Water uptake can occur by the materials in terms of "absorbed water" that means the amount of water absorbed from media which mainly depends on the hydrophilicity of material. Capillary water is termed as liquid water that is "drawn in" through pores or capillaries of the materials. Moreover, the amount of water absorbed is related to the porosity and the amount of available liquid water at the surface of the material. For this reason, porous material can uptake and store more water whereas the nonporous (dense) material can store a limited amount of water (Table 4 ). It can be seen from the plots of / ∞ versus square root of time ( Figures 5 and 7) that the plots are almost linear for both the 6 Journal of Nanomaterials thin films and scaffolds in the initial period of time. As Fick's second law is applicable for both the thin films and scaffolds for the initial period of time, it can be stated that the initial stage is diffusion controlled. Similar results were obtained by several studies of polymeric composite materials for dental applications [12, 18, 19] . It was also found that the water uptake of PHBV/PLLA scaffold was lower than 10 wt% nHA incorporated PHBV/ PLLA scaffold. For the scaffold specimens, when all the pores were assumed to be filled with water, the equilibrium water uptake of polymer blend scaffold and composite scaffold specimens were found to be 1.35 g/g and 2.97 (g/g), respectively (Table 4 ). Moreover, water uptake of composite scaffold specimen decreased after few days. The reason might be the starting of dissolution of nHA within the composite scaffold. The initial increase of water uptake of the composite films and scaffolds may be due to hydrophilic nature of the nanosized nHA particles or the inclusions of HA nanoparticle aggregates. The nHA nano-particles may appear as loosely embedded aggregates in the polymer matrix. As a result, additional amount of water at the interface between the agglomerates and the matrix can be accommodated.
The calculated diffusion coefficients expressed are given in Tables 2 and 3 during water absorption. The values of diffusion coefficients are available in the literature for other conventional composites [18, 20] . The diffusion coefficients were higher in scaffolds than thin films. This behaviour can occur during the initial uptake of water through the pores of the scaffolds which can cause the formation of water clusters. Surface area to volume ratio and thickness can also have effects on this.
Temperature and composition are the two most important factors which can affect the diffusion coefficient [21] . Between these two factors, temperature has the most profound influence on the coefficients and diffusion rates. The diffusion coefficients are related to temperature according to Arrhenius equation. From Arrhenius plots of thin film and scaffold ( Figures 6 and 8) , it can be seen that the plot is almost linear. These results can further confirm that water uptake of thin films is controlled by diffusion process. From the plots of / ∞ versus square root of immersion time, it is also possible to estimate when a plateau region can be established and how long the diffusion phenomena can be observed. It was also found by other studies that after saturation, many other properties should be taken into account such as structure and surface chemistry.
Conclusions
(1) The amount of water absorption or uptake depends mainly on the hydrophilicity and porosity of the materials. For this reason, PHBV/PLLA and 10% HA in PHBV/PLLA scaffolds and thin films absorbed more water than that of 100/0 PHBV/PLLA scaffolds and thin films as PHBV is more hydrophobic than PLLA and HA. The water uptake of the scaffolds was much higher than that of thin films because the scaffolds had high porosity.
(2) For thin films and scaffold, Arrhenius plot was almost linear. For the initial period of time, water uptake of the thin films was controlled by diffusion process. It was possible to estimate when a plateau region could be established and how long the diffusion phenomena could be observed.
(3) After saturation, many other properties should be taken into account such as structure and surface chemistry. 10% HA in 50/50 PHBV/PLLA scaffolds showed decrease in water uptake after saturation due to dissolution of HA and also degradation of amorphous part of PLLA/PHBV polymer. (4) The diffusion coefficients were higher in porous scaffolds than thin films as the rate of diffusion increased with decreasing density of atomic packing. Porosity and surface to volume ratio had a profound effect on the water uptake of scaffolds.
